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FOREWORD 

This report  per ta ins  t o  work accomplished by t h e  Lockheed Missiles & Space 

Company during t h e  fourth quarter  of a continuing contract  program ent i t led,  

"A Study of Hydrogen Slush and/or Hydrogen Gel Utilization." 

work i s  being performed as a follow-on t o  Contract NAS~-20342. 
recent modification t o  t h e  contract, which i s  now being executed, provides 

f o r  an extension of t h e  contract performance period f r o m  fourteen t o  eighteen 

months. 

The current 

The most 

This study i s  being performed f o r  the National Aeronautics and Space Adminis- 

t r a t i o n  (NASA) under t h e  technical  cognizance of Mr. A. L. Worlund of t h e  

Fluid Thermal SystemsBranch of t h e  Propulsion and Vehicle Engineering Laboratory 

(R-P&VE-PTF) a t  t he  George C. Marshall Space Fl ight  Center. 
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Section 1 

INTROIIJCTION AND SUMMARY 

1.1 PROGRAM OBJECTIVES 

This program i s  being conducted under modification t o  the previously completed 

contract  of t he  same number and t i t l e .  
program a re  t o  (1) analy t ica l ly  and experimentally verify t h a t  t r ip le -poin t  

l iqu id  and slush hydrogen can be successfully applied t o  a prac t ica l  f l i g h t -  

type tankage system, and (2)  analyt ical ly  invest igate  subsystem design e f fec ts  

and compare performance f o r  application of l iqu id  and slush hydrogen t o  an 

addi t ional  vehicle and mission of current i n t e re s t .  

The primary objectives of t h i s  follow-on 

1.2 TASK SUMMARY 

Part  A of t h i s  program i s  a three-task ana ly t ica l  and subscale experimental 

study t h a t  s a t i s f i e s  the  first program objective. 

percent of t h e  t o t a l  program ef for t  i s  being directed toward t h i s  study. 

Par t  B i s  a single-task analyt ical  study of a S-IVC manned Mars flyby mission 

vehicle t h a t  satisfies the  second program objective. It const i tutes  the  

remaining ten  percent of the  t o t a l  e f for t .  

Approximately ninety 

1.3 PROGRESS SUMMAKY 

During t h i s  quarter ly  reporting period, i n s t a l l a t ion  and checkout a c t i v i t i e s  

were completed t o  pro'vide the  slush manufacturing and t r ans fe r  f a c i l i t i e s  

needed f o r  t h i s  program, fabrication and welding operations were continued 

on t h e  slush propellant storage dewar, and the  slush test apparatus was ins t a l l ed  

i n  the  vacuum tes t  chamber a t  the  S&a Cruz Test Base site. 

t he  i n s t a l l a t i o n  of t h e  t e s t  apparatus, all re la ted  plumbing, instnunentation, 

controls, and wiring were instal led.  

Subsequent t o  

Two 19-pin cryogenic feedthmugh connectors 
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developed by the  Deutsch Company under t h e  Lockheed Independent Development 

program f o r  use i n  t h i s  contract  t e s t  program, were thermally shocked with 

l i q u i d  nitrogen and l i qu id  hydrogen and then leak tes ted.  

detected after five thermal cycles using an Atlas mass spectrometer with a 

ra ted  s e n s i t i v i t y  of 

t h i r d  connector t h a t  contains coaxial feedthrough pins i s  scheduled f o r  immediate 

t e s t i n g  and i n s t a l l a t i o n  i n  t h e  slush tes t  apparatus. 

of t h e  slush tes t  instrumentation and controls  were checked out with excel lent  

r e s u l t s  during t h i s  period. 

No leakage was 

s t d  cubic centimeters of helium per  second. A 

Approximately 90 percent 

A l l  ana ly t ica l  work was completed d u r i n g  t h i s  quar te r  pertaining t o  the S-Ivc 

Manned Mars Flyby Vehicle Application Study. 

are summarized i n  t h i s  report .  

of t h e  contract  work i s  being prepared f o r  immediate submittal. It was found 

i n  t h i s  study t h a t  subs tan t ia l  payload gains could be achieved with use of 

subcooled and slush hydrogen i n  the  S-IVC flyby vehicle. For example, t he  

payload spacecraft  weight obtained with use of t r i p l e  -point l i qu id  hydrogen was 

192,250 lb, compared with 180,600 l b  obtained with use of atmospheric -saturated 

l iquid.  The payload spacecraft  

weight t ha t  resul ted from use of  50-percent slush hydrogen was 193,450 lb, o r  

a corresponding gain of approximately 7.1 percent. 

l e s s  on a percentage basis than those previously determined f o r  t h e  S-IVB/LASS 

mission vehicle, primarily because use of high-performance insu la t ion  and other 

r e l a t ed  vehicle modifications s ign i f icant ly  increase t h e  hydrogen storage 

capabi l i ty  of atmospheric-saturated l i qu id  hydrogen i n  t h e  S-IVC stages. 

Significant results and conclusions 

A draft of t he  f i n a l  report  f o r  t h i s  par t  

This i s  a gain of approximately 6.5 percent. 

These gains a r e  somewhat 

-2 - 
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Section 2 

TECHNICAL PROGRESS 

2.1 PAETA. SUBSCALEEXPERIMENTALPROGRAM 

During t h i s  quarterly reporting period, work was continued under Task 2 t o  

(1) i n s t a l l  and checkout t he  slush manufacturing and t ransfer  f a c i l i t y  systems 

a t  Lockheed's Santa Cntz Test Base, (2) fabricate ,  assemble, proof - tes t ,  i n s t a l l ,  

and check out t h e  slush propellant storage dewar with i t s  associated equipment, 

and (3)  i n s t a l l  and check out t h e  slush t e s t  apparatus. 

re la t ionship of exis t ing and added f a c i l i t y  equipment, Lockheed independent 

development equipment, and program equipment. 

t ion,  except that the slush propellant storage dewar and the t e s t  apparatus 

will require approximately one more month of e f fo r t .  

progress during t h i s  period, and the current s t a tus  of each of these hardware 

Figure 2-1 shows t h e  

This task  i s  now nearing comple- 

Details regarding 

systems, i s  contained i n  the  following paragraphs. 

2.1.1 Slush Mamfacturing and Transfer F a c i l i t i e s  

Ins t a l l a t ion  and checkmt of t he  slush manufacturing and t r ans fe r  f a c i l i t i e s  

a r e  now complete. Figure 2-2 i s  a photograph showing the  slush manufacturing 

dewar ( le f t  center) , t he  helium heat exchanger (foreground) , the  f l i g h t  simulator 

vacuum chamber (upper r igh t ) ,  and m a n y  of the  connecting l ines ,  valves, and 

f i t t i n g s  required t o  manufacture and t r ans fe r  slush during the  planned t e s t  

program. 
required t o  heat t he  cold hydrogen vapor can a l so  be seen (on the l e f t ) .  The 

i n s t a l l a t i o n  was only p a r t i a l l y  completed when t h i s  photograph was taken, but 

has since been completed. 

with excellent r e s u l t s  during the f i n a l  checkout process. 

"he vacuum-pumping l i n e  and a portion of t h e  hot water heat exchanger 

Slush nitrogen was manufactured and t ransferred 

-3- 
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Details of t he  manufacturing dewar cover, fill and drain l ine,  vacuum-pumping 

l ine ,  foam insulat ion plug, and slush s t i r r i n g  mechanism a re  shown i n  Fig. 2-3. 

The s t i r r i n g  mechanism i s  driven by an externally-mounted a i r  motor (which can 

be seen i n  Fig. 2-2) through a rotating vacuum-seal. 

Work i s  currently i n  progress t o  i n s t a l l  instrumentation and controls i n  the  

remotely-located blockhouse. 

t ransfer ,  vacuum chamber pumpdown, and other required t e s t  operations. 

Layout of t h e  control valve console is shown i n  Fig. 2-4. 

These w i l l  be used t o  monitor and control slush 

Two addi t ional  hardware components are currently being procured t o  prepare 

t h e  slush manufacturing and t ransfer  f a c i l i t i e s  f o r  contract test  operations. 

A new Stokes vacuum pump i s  scheduled f o r  delivery i n  approximately four weeks 

t o  replace one of t he  two exis t ing vacuum pumps t h a t  i s  no 

f o r  use. 

being replaced. 

t h a t  w i l l  now be used t o  manufacture slush f o r  the  contract program i s  580 cfm, 

o r  approximately 220 cfh per square foot of liquid-vapor in te r face  area i n  the 

manufacturing dewar. The second hardware component, which i s  scheduled f o r  
immediate delivery and ins ta l la t ion ,  i s  a remotely-operated,quick-acting 

shutoff valve f o r  t he  vacuum-pumping l i ne .  
manually-operated valve now located i n  the  system, and w i l l  be operated by a 

push-button control located adjacent t o  the  slush manufacturing dewar. 

i n s t a l l a t i o n  and use w i l l  g rea t ly  streamline and s implim the  slush manufac- 

tu r ing  process . 

longer sui table  
The new pump i s  rated at 300 cfm, compared t o  250 cfm f o r  the  pump 

The t o t a l  rated vacuum-pumping capabi l i ty  of the  two pumps 

This valve w i l l  replace the  

I ts  

2.1.2 Slush Propellant Storage Dewar 

Fabrication and assembly of t h e  dewar s h e l l  components were - delayed during t h i s  

reporting period due t o  required maintenance operations on the  welding machine 

used f o r  t h e  longitudinal cylinder seams. 

jacket cylinder after campletion of t he  longitudinal seam weld. 

Figure 2-5 shows t h e  outer vacuum- 

External 

-6 - 
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s t i f fen ing  rings have now been welded t o  t h i s  cylinder, and the  longitudinal 

weld f o r  -the inner pressure vessel  cylinder was recent ly  campleted. 

welding operations t o  assemble the  inner and outer hemispheres and the  mating 

flanges a re  a l so  now i n  progress. 

scheduled f o r  approximately 17 May, 

and delivery t o  t h e  t e s t  site, i s  scheduled f o r  approximately 7 June. 

factory achievement of these two schedule milestones w i l l  permit i n i t i a t i o n  

of t h e  contract t e s t s  beginning on approximately 21 June. 

Concurrent 

Proof-test o f ' t h e  inner vessel  s h e l l  i s  
Completion of t h e  dewar f i n a l  assembly, 

Sa t i s -  

2.1.3 Slush Test Apparatus 

me 41.5-in.-diameter t e s t  tank apparatus i s  now ins t a l l ed  i n  t h e  f l i g h t  sim- 

l a t o r  vacuum chamber a t  the  SCTB t e s t  site. 
instrumentation and control components and wiring, were ins ta l led  and connected 

during t h i s  reporting period. 
mockup and assembly of the  tank and apparatus performed jus t  p r io r  t o  shipment 

of t h i s  hardware from the  manufacturing f a c i l i t y  t o  the  t e s t  s i t e .  

Al l  plumbing systems, and t e s t  

Figures 2-6 and 2-7 show the  f i n a l  p r e - f i t  

Two of three required e l e c t r i c a l  feedthrough connectors, recently developed 

by t h e  Deutsch Company under the Lockheed Independent Development program, 

were thermally shocked with l iquid nitrogen and l iqu id  hydrogen andthen 

leak t es ted  during t h i s  reporting period. One of these feedthrough connectors 

i s  shown i n  Fig. 2-8. No leakage of GHe 

cycles using a mass spectrometer capable 

s td  cc/sec. "he t h i r d  feedthrough 

thermal shock and leakage t e s t s .  

could be detected a f t e r  f i ve  thermal 

of detecting leakage a t  a r a t e  of 

connector i s  scheduled f o r  immediate 

The f i rs t  two feedthrough connectors %tested have subsequently been in s t a l l ed  

i n  t h e  t e s t  apparatus. 

and instrumentation checkouts have been s a t i s f a c t o r i l y  completed. 

A l l  instrumentation and control wiring a re  now completed, 

Figures 2-9 and 2-10 show t h e  basic apparatus 

at  t h e  test s i t e .  Details of t h e  submersible 

instrumentation and control components can be 

Figs. 2-11 and 2-12. 
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Fig. 2-6 Photograph of Slush Test Apparatus During Installation of the 41.5-Inch 
Diameter Tank 
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Fig. 2-7 Photograph of the Slush Test Apparati 
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Fig. 2 -8 Photograph of Recently-Developed Cryogenic Feedthrough Connector 
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Fig. 2-9 Photograph of Slush Test Apparatus Installed in Flight Simulation 
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Fig. 2-12 Photograph of Completed Slush Test Tank Instrumentation and In-Tank 
Plumbing 
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2.2 PARI! B. S-IVC MANNEI) MARS STUDY 

During t h i s  quarter ly  reporting period, a l l  remaining subsystem analyses and 

a comparison of vehicle performance were completed considering use of LH 

i n i t i a l l y  saturated a t  16.2 psia, t r iple-point  LH2, and 50-percent slush H2. 
Table 2-1 summarizes t h e  major results of t h i s  ana ly t ica l  work. 

f i n a l  report  f o r  t h i s  vehicle study i s  being prepared f o r  immediate submittal. 

Highlights of t h e  work performed during t h e  study are summarized i n  the  f o l -  

lowing paragraphs. 

2 

A dra f t  of t h e  

2.2.1 Subsystem Analyses 

O p t i m a l  insulat ion thicknesses f o r  the  cy l indr ica l  sidewall and the  cammon 

bulkhead f o r  t h e  hydrogen tank of each S-IVC stage were determined independently 

by calculat ing and p lo t t i ng  effective payload penal t ies  ( t h e  sum of insu la t ion  

and equivalent boiloff weights) as f'unctions of insulat ion thicknesses. 

resu l t ing  optimal thicknesses a r e  summarized i n  Table 2-1. 
The 

Predicted heat t r a n s f e r  t i m e  h i s to r i e s  were then developed f o r  t he  hydrogen 

tank of each s tage and subsequently used i n  pressurizat ion and venting subsystem 

analyses. Figures 2-13 through 2-15 show hydrogen tank pressure-time h i s t o r i e s  

f o r  t h e  S-IVC1 s tage fueled with hydrogen a t  t h e  th ree  i n i t i a l  conditions of 

i n t e re s t .  These pressure h i s to r i e s  a r e  typ ica l  of those f o r  t h e  other S-IVC 
stages  t h a t  are assembled i n  t h e  o rb i t a l  launch vehicle.  

A summary of hydrogen tank venting h i s to r i e s  i s  presented f n  Table 2-2. 

da t a  show t h a t  although use of subcooled hydrogen g rea t ly  reduces t h e  resu l t ing  

boi loff  weights, hydrogen venting can be completely eliminated only f o r  t h e  

S-IVC 

These 

stage which has a s igni f icant ly  shorter  ear th  o r b i t  storage period. 
3 

Pressurizat ion gas and hardware weight requirements were determined f o r  use 

of t h ree  i n i t i a l  hydrogen conditions i n  each S-IVC stage. 

summarized i n  Table 2-3. 
These weights a re  

Cold helium from a ground f a c i l i t y  source was assumed 

-18 - 
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Stage 

Total 

1 
2 
3 

Total 

1 
2 

Total 

1 
2 

Total 

1 
2 

Total 

s-IV c1 

145 (320) 
74.0 1,551 (3,420) 

278.1 1,505 (3,318) 
672.4 850 11,8731 

3,906 (8,611) 
334.3 1,043 (2,300) 
683.0 633 (1,3961 

1,676 (3,696) 

213.4 Negl. ’ 
703 j1.5491 450.5 
703 (1,549) 

6.0 280 (617) 
713 (1,572) 

993 (2,189) 

- 

- 62.0 

s-IV c2 

s-IV c3 

NOTES: 

K-11-68 -lD 

Table 2-2 
SUMMARY OF HYDROGEN TANK VENTING HISTORY 

Initial Hydrogen 
Condition 

2 LH2 Sat. at 11.2 N/cm 
(16.2 psia) 

LH2 Sat. at T.P. 

50 Percent Liquid-Solid 
Mixture 

2 LH2 Sat. at 11.2 N/cm 
(16.2 psia) 

LH2 Sat. at T. P. 

50 Percent Liquid-Solid 
Mixture 

~ 

2 LH2 Sat. at 11.2 N/cm 
(16.2 psia) 

~~ ~~~ ~ ~ 

LH2 Sat. at T. P. 
50 Percent Liquid-Solid 
Mixture 

Vent I Time of A 
No. Vent (hr) 

Mass of H2 
Vented, kg (lb) 

304.1 
707.0 

1 

2 
3 

Total 

1,551 (3,420) 

1,491 (3,288) 
633 /1,396) 

3.675 (8.104) 1 1 8:::; 1 1,:;: :1320) I 
230.3 Negl. 

(957) 

Total 1,486 3,277) 

I . -  I - 0 

A Time from liftoff of each particular stage. 
Initial vent programmed to blowdown partial pressure of GHe prepressurant; 
vent terminates at a pressure above H2 saturation pressure with negligible 
loss of hydrogen. 
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f o r  pre-pressurization p r i o r  t o  launch, cryogenically s tored helium heated . 

with an 0 -H burner was assumed f o r  in - f l igh t  repressurizat ion requirements, 

and w a r m  hydrogen bleed from t h e  engine was assumed f o r  expulsion requirements. 

It i s  in t e re s t ing  t o  note t h a t  f o r  t h i s  pa r t i cu la r  vehicle, which requires 

storage of most of t h e  propellant f o r  use a t  the end of t h e  storage period, 

pressurizat ipn weight requirements a re  ac tua l ly  less where subcooled hydrogen 

i s  used ra ther  than atmospheric-saturated hydrogen. This e f f ec t  i s  opposite 

t o  t h a t  observed i n  the  previous S-IVB/LASS study where t h e  propellant u t i l i -  

zation schedule was s igni f icant ly  d i f fe ren t  i n  that more f i r i n g s  were required, 

with use of a subs tan t ia l  portion of t h e  propellant early i n  the  mission. 

2 2  

2.2.2 Performance Comparison 

Signif icant  results of t h e  performance comparison obtained from t h i s  study 

are presented i n  Table 2-1. The estimated dry-stage i n e r t  weights used i n  t h e  

analysis a r e  summarized i n  Table 2-4, while a summary of t he  ac tua l  performance 

weights obtained from t h e  analysis  i s  presented i n  Table 2-5. 

by inspection of these  data  that  performance gains achieved with use of 

subcooled and s lush hydrogen f o r  t h i s  vehicle/mission combination, though sub - 
s t an t i a l ,  are not as grea t  a s  those determined f o r  t he  S-IVB/LASS vehicles 

It can be seen 

previously studied. This can be a t t r ib tued  

These a re :  (1) t h e  use of high-performance 

t o  reduce heat t r ans fe r  results i n  improved 

saturated LH2 f o r  t h e  S.-IVC stages, and (2) 

t o  two s igni f icant  differences.  

insu la t ion  and 

s t o r a b i l i t y  of 

no subs tan t ia l  

other improvements 

atmospheric - 
off -loading of pro- 

pe l l an t s  due t o  hydrogen tank volume constraints  resu l ted  from use 

saturated LH2, as did occur with the  s-IVB/LASS vehicle. 

of atmospheric- 
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